Cultured pluripotent stem cells hold great promise for regenerative medicine. Considerable efforts have been invested into the refinement and definition of improved culture systems that sustain self-renewal and avoid differentiation of pluripotent cells in vitro. Recent studies have, however, found that the choice of culture condition has a significant impact on epigenetic profiles of cultured pluripotent cells. Mouse and human ESCs (embryonic stem cells) show substantial epigenetic differences that are dependent on the culture condition, including global changes to DNA methylation and histone modifications and, in female human ESCs, to the epigenetic process of X chromosome inactivation. Epigenetic perturbations have also been detected during culture of pre-implantation embryos; limited research undertaken in mouse suggests a direct effect of the in vitro environment on epigenetic processes in this system. Widespread epigenetic changes induced by the culture condition in stem cells thus emphasize the necessity for extensive research into both immediate and long-term epigenetic effects of embryo culture during assisted reproductive technologies.
Introduction
The field of epigenetics encompasses the study of heritable changes in gene expression that occur without a change in the DNA sequence. The importance of epigenetic regulation can be appreciated by considering development of a single cell, the zygote, to an adult organism comprising hundreds of different cell types; these cell types all contain the same genetic information, yet each fulfils a distinct function. Epigenetic profiles thus contribute to marking cellular identity by providing additional information on top Mouse pluripotent stem cell lines can be derived from the inner cell mass of the pre-implantation blastocyst to form ESCs, from the post-implantation epiblast to form EpiSCs, and from E8.5-E12.5 PGCs to form EGCs. Naïve pluripotent ESCs and EGCs have signalling requirements distinct from those of primed EpiSCs. These in vitro representations of in vivo embryonic counterparts can be used as model systems to study pluripotency.
pluripotent EpiSCs (epiblast stem cells) are derived from mouse post-implantation epiblast [4, 5] . Similar to the tissue of their origin, these cells retain the ability to differentiate in vitro; they, however, display only a limited contribution to chimaeras when introduced to mouse blastocysts [3] . EpiSCs are thus described as displaying primed pluripotency, as opposed to ESCs that are described as naïve pluripotent [6] . The least studied type of mouse pluripotent stem cell is derived from the early mouse germline. Pluripotent mouse EGCs (embryonic germ cells) can be derived from PGCs (primordial germ cells), precursors of gametes, between E (embryonic day) 8.5 and 12.5 [7] . Similar to ESCs, EGCs can differentiate into all cell lineages in vitro and readily contribute to chimaeras in vivo, thus displaying features of naïve pluripotency ( Figure 1 ).
In alignment with their distinct embryonic origin, pluripotent cells differ in their biological properties and gene expression profiles, as well as in their culture and signalling molecule requirements ( Figure 1 ). Recent advances in our understanding of molecular regulation of pluripotency have led to various improved formulations of culture media, creating a range of culture conditions used by different laboratories. However, several recent reports [8] [9] [10] have documented that the culture conditions in which pluripotent stem cells are grown have a major effect on the epigenetic state of the cells. Pronounced changes in both global levels and genomic localization of epigenetic marks have been reported in mouse and human pluripotent stem cells grown using different culture systems. These findings have direct implications for our comprehension of cellular identity and also bring awareness to the importance of the formulation of culture conditions routinely used in reproductive medicine to develop pre-implantation embryos in vitro.
Culture conditions affect transcriptional and epigenetic regulation of pluripotent stem cells

Mouse embryonic stem cells
Mouse ESCs were initially derived and maintained in fetal bovine serum-containing medium on a layer of MEF (mouse embryonic fibroblast) feeder cells [1, 2] . More than 20 years later, elegant studies showed that mouse ESCs can also be cultured in completely defined culture conditions, with BMP4 (bone morphogenetic protein 4) and LIF (leukaemiainhibitory factor) replacing serum and feeders respectively [11] . ESC culture medium was subsequently further refined by the introduction of the '2i' culture system. The inclusion of two small-molecule inhibitors of MEK [MAPK (mitogenactivated protein kinase)/ERK (extracellular-signal-regulated kinase) kinase] and GSK3β (glycogen synthase kinase 3β) (hence '2i') is believed to maintain mouse ESCs in a more naïve pluripotent state by maintaining self-renewal and preventing induction of differentiation. Pluripotent cells grown in 2i medium are thus potentially more similar to the in vivo pre-implantation epiblast from which ESCs are derived [9, 12] .
Importantly, the choice of culture environment has been shown to directly affect gene expression of genetically identical ESC lines (Figure 2 ). 2i-cultured mouse ESCs have reduced expression of lineage-specific markers compared Global epigenetic changes are observed, correlating with altered gene expression for several epigenetic modifiers. 5mC, 5-methylcytosine; 5hmC, 5-hydroxymethylcytosine.
with serum conditions, consistent with the differentiationblocking activity of the inhibitors [8, 9, 12] . Differences have been also observed in the expression of pluripotency-related factors; in particular Nanog and Prdm14 are up-regulated by the 2i environment [8, 12] .
Epigenetic profiles of mouse ESCs grown under serum conditions have been the subject of numerous studies. Until recently, the impact of the culture environment on epigenetic regulation of pluripotent stem cells had not been fully appreciated; the reported effects are summarized in Figure 2 . Genome-wide profiling of several histone modifications by ChIP-seq (chromatin immunoprecipitation followed by deep sequencing) revealed that 2i culture leads to global redistribution of the polycomb histone mark H3K27me3 (where me3 indicates trimethylation) [9] . In contrast, the distribution of H3K4me3, H3K36me3 and H3K9me3 marks were found to be unaltered. The repressive H3K27me3 modification was found reduced in 2i at numerous locations, including promoters of lowly expressed genes and LINEs (long interspersed nuclear elements). In contrast, an increase in H3K27me3 was detected at major satellite repeats. Intriguingly, despite reduction of this repressive histone mark at the promoter, lowly expressed genes were not found to be transcriptionally activated [9] .
One of the chromatin features of pluripotent cells is the existence of bivalent domains that are marked simultaneously by both H3K4me3 and H3K27me3 [13, 14] . The existence of bivalency has been confirmed in vivo as bivalent marks have also been detected in the mouse blastocyst, from which ESCs are derived [15, 16] . Genes associated with bivalent domains are predominantly repressed in pluripotent cells, but are thought to be in a transcriptionally poised state. The culture of naïve pluripotent ESCs in 2i leads to a marked reduction in the number of genes showing bivalent histone modifications; however, although the prevalence of bivalent domains is reduced, the existence of bivalency is not eliminated by the 2i culture environment [9] .
In addition to the histone modification changes discussed above, the use of 2i culture conditions has been recently found to cause a prominent reduction in global levels of DNA methylation [8] . By using LC (liquid chromatography)-MS, which allows precise measurement of the global level of DNA methylation in a cell population, our laboratory has shown that mouse pluripotent ESCs cultured in 2i show an approximate 70% reduction in DNA methylation in comparison with genetically identical cells grown in serum-containing medium [8] . Reduced DNA methylation was also confirmed at single-copy and repetitive loci using bisulfite sequencing. Additionally, comparison with previously published data on DNA methyltransferase (Dnmt1/3a/3b)-knockout mouse ESCs revealed that genes whose expression was altered by 2i culture conditions significantly overlap with the genes affected by DNA methyltransferase deletion [8, 17] . This suggests that at least some of the transcriptional differences caused by culture conditions may be a direct result of altered DNA methylation levels. Interestingly, differentially methylated regions controlling genomic imprinting are protected against the loss of DNA methylation in 2i and maintain their DNA methylation status across the culture conditions examined in our previous study [8] .
The two studies discussed above highlight differences and complementarity between approaches assessing either genome-wide localization or global levels of epigenetic marks. In this respect, Marks et al. [9] did not detect changes in distribution of the histone modifications H3K4me3 and H3K9me3 in 2i by Chip-Seq, whereas our laboratory found global levels of these marks to be increased and decreased respectively under 2i conditions compared with serumcontaining medium [8] . Human ESCs are routinely cultured with serum and FGF2 and show similarity to mouse primed EpiSCs in their signalling requirements. Recent attempts to isolate naïve human ESCs have used 2i-like conditions; however, these cells are difficult to maintain stably in culture. Differences in X chromosome inactivation are observed between these two human ESC molecular states. DNA methylation has been compared under different routine, primed culture conditions; minor differences are observed; however, the majority of loci, including imprinted loci, are unaltered. Further studies are required to define the epigenetic profiles of human ESCs under different media compositions. DMEM-F12, Dulbecco's modified Eagle's medium/Ham's F12; ERK, extracellular-signal-regulated kinase; Gsk3b, glycogen synthase kinase 3β; KSR, knockout serum replacement; 5mC, 5-methylcytosine; PKA, protein kinase A; RAR, retinoic acid receptor. References are indicated as superscript numbers.
Human embryonic stem cells
Development of human ESC culture conditions has followed a trajectory similar to that of mouse ESC culture development. Routinely, human ESC culture requires serum/serum replacement, feeder cells and FGF (fibroblast growth factor) 2 (WiCell standard operating procedures; see Figure 3 ). The addition of FGF and the lack of LIF requirement contrast markedly with mouse ESC growth conditions, where such a culture environment leads to differentiation [6] . Conditions used for human ESC culture are thus similar to those used for mouse EpiSCs; the many similarities between mouse EpiSCs and human ESCs suggests that the latter may be in a primed state similar to that described for EpiSCs [6] . This has consequently led to attempts to isolate naïve human ESC lines using alternative culture conditions ( Figure 3) ; these efforts have been significantly aided by recent studies on human iPSCs (induced pluripotent stem cells). A molecular state similar to the naïve pluripotent state observed in mouse ESCs has been achieved by Oct4, Klf2 and Klf4 overexpression combined with the presence of LIF, 2i inhibitors and protein kinase A pathway inhibitors in the culture medium [18] . Although the need for ectopic expression of Oct4, Klf2 and Klf4 can be transiently substituted by the addition of forskolin, it remains difficult to maintain these cells in a stable fashion over an extended period of time [18] . In an alternative approach, a state similar to naïve pluripotency has been achieved by ectopic expression of retinoic acid receptors during human iPSC reprogramming, again combined with culture in the presence of LIF and 2i inhibitors [19] (Figure 3) .
The status of XCI (X chromosome inactivation) is often used as an indicator of the epigenetic status of ESCs/iPSCs under various culture conditions. Similar to mouse postimplantation epiblast and EpiSCs, XCI occurs in routinely cultured female human ESCs [20] . As mouse female naïve pluripotent ESCs contain two active X chromosomes (XaXa), the absence of an inactive X in female human ESCs could potentially signify the establishment of human naïve pluripotency. In this context, a number of studies have identified the presence of XaXa in human female ESCs and iPSCs ( Figure 3 ). This has been achieved by the above mentioned Oct4/Klf2/Klf4 overexpression under 2i/LIF conditions [18] , by the induction of retinoic acid signalling combined with 2i/LIF [19] or by the use of physiological oxygen concentration [21] . Furthermore, LIF itself has been shown to be a contributing factor to X reactivation in iPSCs [22] .
In connection with their prospective use for regenerative medicine, the presence and maintenance of correct genomic imprinting in human ESCs has been investigated in a number of independent studies. Despite the use of different ESC culture conditions, including changes in oxygen tension, genomic imprinting has been found to be relatively stable in human ESCs [21, 23] .
Although the studies discussed above provide useful insight into the specific epigenetic processes of genomic imprinting and XCI under various culture environments, these may not be representative of global epigenetic differences such as those detected in mouse. In a recent analysis, Riggs and colleagues used genetically identical human ESC lines cultured under different conditions to compare DNA methylation at all promoters and CpG islands in the human genome [10] . Routine culture medium was used (either proprietary or non-proprietary), with either mouse feeders or matrix formations. DNA methylation was altered at several loci; however, the vast majority of regions assessed were not affected. Interestingly, genome-wide autosomal distributions of two different histone modifications were also found unaltered between high and low oxygen concentrations [21] . Whether any global epigenetic differences exist between human ESCs grown under culture conditions permissive for naïve or primed pluripotent states thus remains to be determined.
Pre-implantation embryo culture and assisted reproductive technologies
Culture of pre-implantation embryos is routinely used to study mouse development and has historically been a prerequisite for development of human ARTs (assisted reproductive technologies). Considering the impact of culture conditions on the molecular characteristics of both mouse and human ESCs, the potential impact of the culture environment on the developing pre-implantation embryo is a focus of intense scientific debate. In human, a major obstacle for assessing the effects of embryo culture is the lack of controls, as in vivo developed embryos are unavailable. Assessment is further complicated by other confounding factors such as subfertility and the effect of ART procedures and ex vivo manipulation, including IVF (in vitro fertilization) and ICSI (intracytoplasmic sperm injection). Given these circumstances, the majority of reports providing insights into the effect of the culture environment on pre-implantation embryos are based on mouse studies.
Studies in mouse have shown that developmental competence, cell number, lineage ratio and gene expression can be specifically affected by the culture of pre-implantation embryos [24] . Specifically, commercial media composition, the presence or absence of serum and changes to oxygen tension or redox potential during embryo culture have been reported to directly affect mouse development [25] [26] [27] [28] [29] . Long-term consequences on growth, metabolism, blood pressure and memory have also been reported in mouse as a result of culture alone, or culture combined with the IVF procedure [24] . In human, recent reviews undertaken by Hart and Norman [30, 31] indicate that specific cardiovascular, metabolic and behavioural disorders may be affected in individuals born using ART. Intriguingly, perinatal outcome, specifically low birthweight, is significantly affected by the choice of culture medium used during human ART [32, 33] . Cumulatively, these studies suggest that culture alone, in addition to other confounding factors, can cause long-term health consequences in humans following the use of ART (Figure 4) .
The mechanisms by which pre-implantation embryo culture and other ART procedures can lead to disruption of specific biological processes throughout all stages of development are unknown. However, the dramatic influence of the culture environment on the epigenetic status of pluripotent stem cells, discussed above, highlights the necessity for extensive research into the effect of in vitro embryo culture on epigenetic processes. Additionally, as global epigenetic reprogramming occurs following fertilization and during early pre-implantation development [34] , these processes may be specifically vulnerable to the effects emanating from in vitro embryo culture or from manipulation at the time of fertilization.
ART affects epigenetics of pre-implantation embryos
The effect of mouse embryo culture on genomic imprinting has been examined in great detail and has been reviewed extensively by Denomme and Mann [35] . Abnormal DNA methylation and expression of imprinted loci has been found to be associated with in vitro culture of embryos up to the blastocyst stage using several different culture media [25, [36] [37] [38] [39] [40] . A direct comparison has also been undertaken in mouse using five different culture conditions, including media optimized for human ART; imprinting abnormalities arose during culture under all conditions tested [41] . Culture of pre-implantation embryos has also been shown to lead to DNA hypomethylation at imprinted regions in later stage tissues [37, 42] . Additionally, superovulation, IVF and ICSI procedures can contribute further risks of imprinting abnormalities in mouse [35] . These observations suggest that culture alone, as well as other ART procedures, have a significant effect on the epigenetic status of genomic imprinting in mouse.
Molecular perturbations at imprinted loci have been identified after ART in humans [43] [44] [45] and the consequence of this is reflected by the increased incidence of imprinting disorders such as Beckwith-Wiedermann syndrome [35] . Imprinting disorders are rare, making it difficult to distinguish between confounding factors such as subfertility or maternal age and embryo culture or other ART-associated procedures. Assessing the molecular causes of imprinting disorders in patients suggests that there is an increased incidence specifically due to ART. For example, imprinting defects on the maternal allele have been identified after paternal subfertility and vice versa [46] . These findings are consistent with effects observed in mouse studies.
The observation of imprinting defects following ART is surprising, as imprints are resistant to global epigenetic reprogramming during normal pre-implantation development and to epigenetic perturbation caused by different culture conditions of ESCs (as discussed above). This may signify even greater epigenetic changes induced by culture of pre-implantation embryos in comparison with those induced by culture of ESCs. Alternatively, culture of embryos may specifically affect the protection of imprints, which is required during the global epigenetic reprogramming that occurs before the blastocyst stage (i.e. before the stage from which ESCs are derived).
In contrast with the relatively well-defined effect on genomic imprinting, the influence of the culture environment on global epigenetic profiles of pre-implantation embryos has been poorly studied owing to the inherent difficulty in assessing these features with limited material. Using later-stage tissues, Sapienza and colleagues assessed DNA methylation at 1500 CpG sites [47] . Methylation was found to be altered in both placenta and cord blood after IVF compared with naturally conceived controls. Global DNA methylation patterns have been assessed by immunofluorescence in human pre-implantation embryos generated by either IVF or ICSI. The methylation patterns were found to be similar between both procedures from the two-cell to blastocyst stage [48] . However, how this might compare with in vivo human development remains unclear. In mouse, two studies compared global DNA methylation following in vitro and in vivo development to the two-cell stage and abnormal methylation was reported after culture using M16 medium [49, 50] . A detailed, but preliminary, analysis of DNA methylation across mouse chromosome 7 suggested hypermethylation and increased variability in blastocysts after in vitro culture in KSOM (KCl simplex optimization medium) supplemented with amino acids and BSA [51] . Histone modifications have also been assessed at global levels in mouse using CZB medium. Lower levels of H3K4me3 were found in in vitro cultured mouse embryos compared with in vivo developed controls [52] . On the contrary, global levels of H4 acetylation, H3K9me3 and phosphorylated H3S10 were comparable between in vitro and in vivo developed embryos from zygotes to blastocysts [53] .
In mouse, culture with medium used for human ART can also lead to epigenetic changes at specific gene loci in comparison with in vivo-developed blastocysts. The agouti locus is regulated directly by an adjacent IAP (intracisternal A particle) element; DNA methylation was reduced at this element after in vitro culture in Cook sequential medium, resulting in increased gene expression [54] . Additionally, in vitro culture in KSOM or KSOM supplemented with serum resulted in altered enrichment of histone modifications at the axin-fused IAP locus compared with in vivo-developed blastocysts [55] . In the same study, altered histone marks were also detected at other IAP elements genome-wide, which could lead to altered expression of many nearby genes [55] .
In addition to the effect of the culture media formulation, other compounds with possible epigenetic effects are routinely used during ART procedures. As an example, DMSO is used clinically for cryopreservation of human gametes and embryos. Of relevance, studies of several mouse cell types have shown that DNA methylation and hydroxymethylation are altered by the presence of DMSO [56, 57] . As both DNA methylation and hydroxymethylation are highly dynamic following fertilization, it is conceivable that any residual DMSO present during human embryo culture may affect these epigenetic marks during early development.
Cellular identity and reversibility of epigenetic states
ESCs serve as a valuable surrogate model for the preimplantation embryo and can enhance our comprehension of this experimentally challenging, but critical, stage of development. Additionally, the self-renewal and differentiation capacities of ESCs (and iPSCs) provide unique prospects for regenerative medicine. In order to take full advantage of this system, it is essential that we gain a thorough understanding of the nature of pluripotency and determine exactly how in vitro pluripotent cells reflect the in vivo population of embryonic cells from which they are derived. The recent finding that cell culture conditions can dramatically affect molecular characteristics of pluripotent cells raises important questions regarding the true epigenetic configuration of pluripotency.
Morphologically, ESCs appear similar under different culture conditions, yet the global transcriptional and epigenetic states are not equivalent. The observed differences could be induced directly by the in vitro culture condition, for example through unrestrained FGF signalling in serumcontaining culture environments, or could reflect capture of different developmental stages of pre-implantation development. Importantly, these two explanations are not mutually exclusive. Additionally, it is imperative to note, that, although the use of specific culture conditions alters molecular identity, the identifying functional property of ESCs, i.e. that of pluripotency, remains constant. ESCs maintain normal self-renewal and differentiation capacities under the culture conditions examined. The observation that epigenetic states can be vastly different between pluripotent cells maintained under different conditions might also imply that a specific defined epigenetic profile is not a requirement for pluripotency. Instead, a free open structure allowing plasticity may represent a hallmark of chromatin in pluripotent cells [58] . Consistent with this, global levels and genome-wide localization of DNA methylation and several histone modifications seem to be highly dynamic and can reverse readily after switching the culture condition of ESCs [8] [9] [10] . Furthermore, the difference in global DNA methylation levels observed in mouse ESCs cultured under different conditions is lost upon induction of differentiation [8] . In contrast with the observed plasticity of epigenetic marks at numerous genomic loci, DNA methylation at genomic imprints is stably maintained under the culture conditions examined in mouse and human ESCs [8, 23] .
The described reversibility of epigenetic states induced by the culture environment in ESCs raises the question of whether changes observed in cultured pre-implantation embryos might be reversible as well. It is possible that, upon implantation, the transcriptional and epigenetic profile of embryos developed by ART could revert to a 'normal' physiological state. However, the increased incidence of genomic imprinting disorders after ART argues against this. In this context, imprinted loci may represent an exception, as their epigenetic status seems relatively stable in comparison with other epigenetic marks, both in ESCs and during normal pre-implantation development. Acquired disruption of imprint methylation during in vitro embryo culture may therefore be irreversible. Epidemiological studies assessing the incidence of other epigenetic disorders after ART are thus necessary to address this question further. Additionally, it is important to determine whether any epigenetic effects induced by ART are reversed/erased during germline development or whether they can be transmitted to the next generation. The environment during fetal development has been shown to affect later life and can also lead to transgenerational effects, a process known as fetal programming [59] . It is conceivable that similar programming induced by the environment could occur as early as at the preimplantation stage, as suggested by previous studies [60] .
Conclusion
Recent studies have found significant differences in global epigenetic profiles of ESCs cultured using different media compositions. These studies emphasize the necessity for caution when defining and comparing molecular characteristics of pluripotent stem cells grown under different culture conditions. The ability of different culture conditions to influence transcriptional and epigenetic profiles has important implications for defining the cellular identity of stem, progenitor and differentiated cells also in other systems, including cancerous cell lines. Furthermore, procedures such as drug screening may be susceptible to alterations due to culture environment; for example, a change of promoter methylation status induced by the culture environment may alter a gene's responsiveness to a particular drug. Understanding the interplay between the culture environment and epigenetic regulation on the molecular level will help us to comprehend whether the recent findings in ESCs reflect the unique epigenetic plasticity of the pluripotent state or more widespread phenomena.
The recent data discussed in the present review accentuate further the necessity for addressing the potential impact of the environment during culture of pre-implantation embryos. Morphology, which is currently used to assess quality for human embryo selection for implantation, may mask widespread epigenetic changes after ART. To what extent global epigenetic profiles are affected by human embryo culture, and whether this can cause a change in phenotype later in life, remains to be determined.
